CD8 ؉ cells from healthy HIV-infected individuals can suppress HIV replication in infected CD4 ؉ cells without killing the cells. This CD8 ؉ cell noncytotoxic antiviral response (CNAR), observed by coculture of CD8 ؉ cells with infected CD4 ؉ cells, is associated with secretion of a CD8 ؉ cell antiviral factor (CAF). In attempts to identify CAF, we discovered that certain protease inhibitors, particularly leupeptin, can block, by up to 95%, the anti-HIV activity in CD8 ؉ cell culture fluids as well as inhibit CNAR. The effect is dose-dependent and is observed in up to 70% of the CAF and CNAR assays by using fluids and cells from several different subjects. Pretreatment of CD8 ؉ cells with leupeptin reduces CNAR, further supporting an inhibitory effect on a CD8 ؉ cell product. This inhibitory activity of protease inhibitors does not affect cell growth, expression of activation antigens, or viability of either CD8 ؉ cells or the infected CD4 ؉ cells. The results suggest that a part of the CD8 ؉ cell noncytotoxic response involves the activity of a protease or a protein that interacts with protease inhibitors. Proteolysis of a CD8 ؉ cell product(s) may be involved. This observation offers a promising approach for identifying the mechanism of CNAR͞CAF activity.
M
ost individuals infected with HIV do not immediately develop symptoms of the disease (1) . A small percentage can live more than 10 years, some over 24 years, without showing clinical signs of the infection (1) (2) (3) (4) . Our laboratory has demonstrated that CD8 ϩ cells from these asymptomatic individuals are able to suppress replication of all HIV-1 and -2 strains tested in target CD4 ϩ lymphocytes and macrophages through a noncytotoxic mechanism (4) (5) (6) . This CD8 ϩ noncytotoxic antiviral response (CNAR), measured by coculture of CD8 ϩ cells with acutely infected CD4 ϩ cells, is present at very early stages in acute infection (7) and is clinically relevant; the response can show complete suppression of HIV production, strongest in healthy individuals but lost with progression to disease (8) (9) (10) (11) .
CNAR appears to be mediated by the secretion of a soluble CD8 ϩ cell antiviral factor (CAF), which, as observed with CNAR, blocks HIV transcription (8, 12, 13) . CAF in culture fluids can be measured by culturing acutely infected CD4 ϩ cells in the continual presence of the CD8 ϩ cell supernatant. Virus replication is reduced by 30-80% compared with controlinfected CD4 ϩ cells. This antiviral activity was found to be heat and pH stable (86°C, 10 min; pH 2-8) and is resistant to trypsin but sensitive to staph V8 protease (4) . CAF activity lacks identity to other known cytokines, including interferons, interleukins, growth factors, chemokines, granulysin, and granzymes (4, (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) . Most recently, we have shown that CAF activity is not found in exocytic granules of CD8 ϩ cells (41) .
In our studies evaluating the sensitivity of CAF to proteases, we observed that the addition of the protease inhibitor, leupeptin, to CAF-containing culture fluids resulted in reduced CAF activity. We subsequently determined that anti-HIV activity in both CNAR and CAF assays was sensitive (in a dose-dependent manner) to several protease inhibitors. Although not all of the studies showed this sensitivity, the extent of our observations suggested that a component of CNAR͞CAF activity could involve the function of a protease produced by the antiviral CD8 ϩ cells. This article reports our observations on this potential mechanism of CAF activity.
Materials and Methods
Subjects. Heparinized blood samples were obtained by venipuncture from clinically healthy HIV seropositive donors who had been infected for Ͼ8 yr. Some of them were on antiretroviral therapy, but all subjects were selected because their CD8 ϩ cells exhibited CNAR. Buffy coats from HIV seronegative donors were provided by the Blood Centers of the Pacific (San Francisco). The study received approval from the Committee on Human Research, University of California, San Francisco.
Flow Cytometric Analysis. T cell subset separation was evaluated by standard f low cytometry (24) . In all studies, the cell population purity was always Ն95%. The expressions of CD25 and CD71 were analyzed by a double-staining procedure by using a Becton Dickinson (BD) FACScan or FACSort machine as described (25) . All antibodies were purchased from BD except for anti-CD71, which was obtained from ImmunotechCoulter (Miami).
Production of CAF by CD8 ؉ Cells. CD8 ϩ cells were purified from Ficoll͞Hypaque-separated peripheral blood mononuclear cells using immunomagnetic (IM) beads (8, 15) . They were stimulated with anti-CD3-coupled IM beads at a bead͞cell ratio of Ϸ4:1 (15, 26) . The cells were initially cultured for 3 d in complete RPMI medium 1640 containing 10% heat-inactivated (56°C, 30 min) FCS (GIBCO͞BRL) and then transferred to serum-free AIM V medium (GIBCO͞BRL). Both media contained 200 units͞ml recombinant IL-2 (generously provided by Glaxo Wellcome). Culture fluids were collected every 2 d and the cell density adjusted to 2 ϫ 10 6 cells per ml in fresh medium. The collected culture fluid was filtered (0.45 m) and stored (Ϫ70°C) until tested.
Assays for Measuring CAF Activity. Acutely infected CD4 ϩ cells were prepared as described (15) . In brief, mitogen-stimulated CD4 ϩ cells from HIV seronegative control subjects were acutely infected with 4,000 TCID 50 ͞10 7 cells of a molecular clone of HIV-1 SF2 , a ␤-chemokine insensitive virus (27) . After 1 h incubation, the cells were washed and plated at 10 5 infected CD4 ϩ cells per well in 96-well culture plates in the complete RPMI medium 1640 supplemented with 100 units͞ml recombinant IL-2. In all cases, the acutely infected CD4 ϩ cells were cultured in the presence of a 50% dilution of a CD8 ϩ cell culture fluid (or control medium) in a final volume of 200 l. The cultures, in triplicate, were passed every 2 d and monitored for viral reverse transcriptase (RT) activity (28) by removing 100 l of culture fluid for the assay. An equal volume of CD8 ϩ cell supernatant and control medium was added back. This acute infection method routinely yields 15-35% HIV antigen-positive cells as detected by immunofluorescence at the peak of HIV replication (7-9 d) (29) . The amount of CAF activity is determined by dividing the level of reduction in RT activity in fluids from the CD8 ϩ cell culture fluid-treated cells by that found in fluids from infected CD4 ϩ cells receiving control medium. We consider a decrease in RT activity by Ն50% to be strong CAF activity.
Treatment of CAF with a protease inhibitor involved the incubation of a CD8 ϩ cell culture fluid (with or without antiviral activity) and a medium control with dilutions of a protease inhibitor for 30-60 min at room temperature. The mixture was then added to the HIV-infected CD4 ϩ cell cultures as described above. For these studies, the positive fluids gave 40-80% suppression of HIV replication, whereas the negative fluids showed Յ10%.
Assay for Measuring CNAR. To measure the extent of CNAR, purified phytohemagglutinin (PHA)-stimulated CD4 ϩ cells from HIV seronegative individuals were acutely infected with the ␤-chemokine-insensitive, highly cytopathic HIV-1 SF33 virus isolate (27, 30) . After 1 h, the cells were washed and 1 ϫ 10 5 or 2 ϫ 10 5 acutely infected CD4 ϩ cells were plated per well in 96-or 48-well culture plates, respectively, in the complete RPMI medium 1640 supplemented with 100 units͞ml rIL-2. These target cells were immediately cocultured, in duplicate or triplicate, with various 2-fold input amounts of purified CD8 ϩ cells previously isolated from an HI V-infected subject's PHA-stimulated or unstimulated peripheral blood mononuclear cells (8, 27, 29) . With autologous cells, the CD8 ϩ cell͞CD4 ϩ cell input was generally 0.125:1 and 0.25:1; with heterologous cells, 0.5:1 and 1:1 input cell ratios were used. HIV replication was measured by the RT assay in culture fluids removed every 3 d. The extent of CNAR was determined by dividing the amount of RT activity in fluids from the CD8 ϩ cell͞CD4 ϩ cell cocultures with that present in fluids from infected CD4 ϩ cells cultured alone. Based on several studies in our laboratory, we consider a decrease in RT activity by Ն80% to be strong CNAR activity.
Protease inhibitors were added immediately upon initiation of the cocultures and replenished at each passage. In the experiments involving pretreatment of CD8 ϩ and CD4 ϩ cells, the respective cells were cultured in the presence of various concentrations of the protease inhibitor for 2 or 3 d (in some cases 2-3 h) before washing out the inhibitor and using the cells in the CNAR assay.
Results
Leupeptin Blocks the Antiviral Activity of CAF. In studies examining the sensitivity of CAF to proteases, we observed in control cultures that the serine͞thiol protease inhibitor, leupeptin, reduced the extent of CAF-mediated inhibition of HIV replication. Further analysis of this effect showed that treatment of CAFactive culture fluids with various concentrations of this tripeptide inhibitor, acetyl-leucine-leucine-arginine aldehyde, resulted in a dose-dependent inhibition of CAF activity (Fig. 1) . The extent of inhibition of CAF activity varied considerably with the maximal amount being Ͼ90%. More commonly, it was between 40% and 70% at the highest inhibitor concentrations tested, or no effect was observed. Concentrations of leupeptin higher than 10-20 g͞ml (21-42 M) usually did not result in further inhibition of antiviral activity. Leupeptin treatment of CD8 ϩ cell culture fluids lacking CAF activity or of control media did not result in any substantial reduction in HIV replication relative to the respective untreated fluids. In some cases, the addition of leupeptin to the control medium enhanced HIV production in a dose-dependent fashion, but generally Ͻ1.5-fold (data not shown). However, doses Ͼ50 g͞ml (105 M) usually reduced HIV replication in the CD4 ϩ cells. The consistency of this inhibitory effect was somewhat unusual. Typically the same antiviral culture fluid yielded similar results when retested. However, an appreciable number of different antiviral CD8 ϩ cell culture fluids (Ϸ30%) showed less than a 20% reduction of antiviral activity by leupeptin (Table 1) . This finding appeared to be independent of the magnitude of CAF activity in the CD8 ϩ cell supernatant. In total, of 13 different CAF-active fluids, obtained from stimulated primary CD8 ϩ cells, Ϸ70% showed some sensitivity to leupeptin, whereas just over half (54%) showed strong sensitivity to this protease inhibitor (Table 1 ). The CAF activity in four of five culture fluids from HVS-transformed CD8 ϩ cell lines (31) was also highly sensitive to the inhibitory effect of leupeptin (data not shown). These findings may reflect a proteolytic activity in CAF-containing fluids, which processes a protein to become antiviral. This protein in some culture fluids may already have been processed to some extent, and thus the antiviral activity in these fluids would be unaffected or only partially affected by a protease inhibitor. 
CAF Activity Is Sensitive to Various Protease Inhibitors.
To determine whether the antiviral activity of CAF was sensitive to protease inhibitors in general, a panel of protease inhibitors including small synthetic inhibitors (p-aminoethylbenzenesulfonyl fluoride-HCl (AEBSF) and benzamidine), tri-or tetrapeptide inhibitors, and larger protein inhibitors (aprotinin, ␣2-macroglobulin, and ecotin) were evaluated. The results indicated that many of the protease inhibitors could substantially and reproducibly reduce CAF activity, although to different extents (Table 2 ). Yet not all of the protease inhibitors affected CAF, suggesting some degree of specificity. Most notably, calpain inhibitor II and the wild-type ecotin exhibited very little inhibitory activity against CAF (Table 2) .
Protease Inhibitors Block CNAR and CAF to a Comparable Extent.
Because CNAR appears mediated by secretion of CAF, we expected that inhibition of HIV replication in the cell͞cell contact setting would also be sensitive to leupeptin. We therefore tested the effect of leupeptin against CNAR using various procedures in which CNAR has been previously demonstrated (8, 9, 26) . Under the classical conditions using PHA-stimulated CD8 ϩ cells as effectors and heterologous HIV-infected CD4 ϩ cells as targets (8, 26) , continuous culture in the presence of leupeptin resulted in a dose-dependent reduction in antiviral activity similar to that seen with CAF ( Fig. 2A; Table 1 ). At low effector͞target cell ratios where the extent of HIV suppression is submaximal (i.e., 30-70%), 10 g͞ml leupeptin was able to block as much as 95% of CNAR activity. In general, the higher the effector͞target cell ratio tested (hence the greater the suppression of HIV), the lower the effect of leupeptin seen. Usually, if Ͼ90% suppression of HIV replication occurred, leupeptin treatment resulted in a reduction in CNAR of only 10-50%. Treatment with a mixture of various types of protease inhibitors did not result in further inhibition of the antiviral activity.
Analysis of this leupeptin effect on CNAR using freshly isolated, nonexogenously stimulated, ''resting'' CD8 ϩ cells revealed a similar dose-dependent reduction of the suppressive activity exhibited by these effector cells (Fig. 2B) . Coculturing autologous infected CD4 ϩ target cells, which typically show increased sensitivity to CNAR (26) , with either PHA-stimulated or resting CD8 ϩ cells (9) also showed this inhibitory effect of leupeptin ( Fig. 2 D and E) . Moreover, just as with CAF activity, CNAR measured under these various conditions was also sensitive to other protease inhibitors such as antipain (Fig. 2C) and p-aminoethylbenzenesulfonyl fluoride-HCl (AEBSF) (not shown) but was insensitive to calpain inhibitor II (data not shown).
The reproducibility of this leupeptin inhibitory effect against CNAR was quite similar to that seen with CAF fluids. About one-third of the CNAR experiments conducted resulted in Ͻ20% inhibitory effect of leupeptin, whereas about one-half showed Ͼ50% reduction in antiviral activity (Table 1) . These frequencies were obtained from all of the experiments regardless of the conditions by which they were tested. These included experiments with CD8 ϩ cells from the same HIV-infected subjects collected over a 1-to 2-yr period. For example, in one untreated asymptomatic person studied over a 2-yr period, 9 of 12 of the CNAR assays showed a moderate to high sensitivity to leupeptin. As noted above, if the extent of CNAR activity examined was high (Ͼ80-90% suppression), the effect of leupeptin was greatly reduced. Thus, if we exclude those experiments in which the CNAR activity was very high (n ϭ 10), then the efficacy of the leupeptin effect increases so that Ϸ80% of the experiments showed moderate to high sensitivity to leupeptin (see CNAR*, Table 1 ).
Analysis of the prevalence of sensitivity to leupeptin in 15 different HIV-infected asymptomatic subjects indicated that the CNAR of eight of the subjects had high sensitivity to this protease inhibitor, four showed moderate sensitivity, and the CNAR from three of the subjects showed low or no sensitivity to the protease inhibitor (data included in Table 1 ). Whether these latter three individuals are truly ''nonresponders'' to leupeptin remains to be determined.
Culture of the CD8 *CAF and CNAR activities were measured as described in Materials and Methods. The results with CAF represent anti-HIV activity in CD8 ϩ cell culture fluids evaluated with a ␤-chemokine-insensitive HIV isolate in primary CD4 ϩ cells. In the untreated CD8 ϩ cell culture fluids, the extent of CAF activity was 40 -80% inhibition of HIV replication. The results from examination of CNAR represent the anti-HIV activity measured by coculture of CD8 ϩ cells with primary CD4 ϩ cells acutely infected with a ␤-chemokine-insensitive HIV isolate. These results from CNAR experiments were generated by using either PHA-stimulated (Ϸ60% of the time) or ''resting'' CD8 ϩ effector cells with either autologous (Ϸ35% of the time) or heterologous CD4 ϩ target cells (see text). The extent of virus replication inhibited by CNAR in the untreated cultures was 30 -99%. † The frequency of inhibition of antiviral activity indicates the number of experiments showing high (Ͼ50%), moderate (Ͼ50% but Ͻ25%), or low͞no (Ͻ20%) sensitivity to leupeptin (i.e., reduction of antiviral activity) divided by the total number of different experiments performed. The sensitivity of the antiviral activity to inhibition by leupeptin was tested over a range of 10-fold concentrations, 0.1-10 g͞ml (0.2-21 M). CD8 ϩ cell culture fluids from eight different subjects and CD8 ϩ cells from 13 different subjects were evaluated for CAF and CNAR, respectively. CAF or CNAR was evaluated in some of the subjects more than once, but in these cases it was with samples taken from the subject at different points in time. ‡ CNAR* represents a subset of the CNAR experiments, which excludes 10 cases where CNAR activity was high, showing Ն90% inhibition of HIV replication. *The effect of each protease inhibitor on CAF activity was determined as described for leupeptin in the legend of Fig. 1 . The maximal inhibitory effect was usually seen at 10 -20 ug͞ml of the protease inhibitor, with the exception of inhibition by ␣2-macroglobulin, which was maximal at 100 ug͞ml. The range of molar concentrations (in 10-fold increments) tested for each protease inhibitor was as follows: antipain, 0. Table 1 for comparison with effect of leupeptin in several separate studies. † Ecotin (Arg-Met) represents a mutated form of wild-type ecotin with higher antitrypsin activity in which the methionine at position 84 was substituted with an arginine.
trations of leupeptin as high as 20 g͞ml (43 M) did not affect the expression of the activation antigens, CD25 or CD71, by either T cell population, nor did this treatment affect the extent of cell proliferation or viability (data not shown).
Leupeptin Mediates Its Effect on the CD8 ؉ Effector Cells and Not the CD4 ؉ Target Cells. Because both the assay for CAF activity and the assay for CNAR measure effects on HIV replication in CD4 ϩ cells, it was important to distinguish whether the presence of leupeptin in the cultures was affecting the target cell or the effector cell. To address this issue, the effector CD8 ϩ cells and target CD4 ϩ cells were separately cultured in the presence of leupeptin for 2-3 d before using these cell populations in CNAR assays. When the CD4 ϩ target cells were pretreated with 20 g͞ml (43 M) of leupeptin, followed by washing the cells free of the protease inhibitors, no difference was seen in the extent of HIV suppression at various effector͞target cell ratios relative to the untreated control cultures (Fig. 3) . However, pretreatment of the CD8 ϩ cells with leupeptin resulted in a marked reduction in CNAR activity, again most prominently at effector͞target cell ratios that yielded lower levels of HIV suppression. This effect was dose-dependent and seemed to be transient, waning after 4 d of coculture (Fig. 3B) . Furthermore, pretreatment of CD8 ϩ cells for 2-3 h with leupeptin was also sufficient to reduce CNAR activity, although to a lesser extent (data not shown).
Discussion
HIV-infected individuals who remain asymptomatic have demonstrated high levels of CNAR that appear to protect them from progression to disease (1, 2, 4) . CNAR is associated with secretion of a soluble factor, CAF, which acts on viral transcription (12-15, 29, 32) . The present studies indicate that a major part of the anti-HIV activity measured by CNAR and CAF assays can be inhibited by protease inhibitors, particularly leupeptin (Tables 1 and  2 ; Figs. 1 and 2 ). Because the anti-HIV activity detected in assays of both cell-to-cell contact and of CD8 ϩ cell fluids is affected, the same biologic process seems to be involved.
Inhibition of CNAR activity after pretreatment of CD8 ϩ cells with leupeptin suggests this anti-HIV activity of CD8 ϩ cells does not involve a component of the serum in the growth medium (see below). Most likely the activity of a CD8 ϩ cell antiviral product is inhibited (Fig. 3) . Because of the chemical nature (i.e., positive charge) of leupeptin, it should not enter the CD8 ϩ cells to an appreciable level, thus suggesting it is affecting a membraneassociated protein.
Whether this observation indicates that CNAR represents the function of a protease or another type of protein that interacts with the protease inhibitor remains to be determined. Conceivably, CD8 ϩ cells produce a protease that activates another protein produced by CD8 ϩ cells to become antiviral. Alternatively, CAF could be a protein that cleaves a surface protein on Tables 1  and 2 for molar equivalents). HIV replication was monitored every 3 d by measuring RT activity in culture fluid samples (28) . The percent suppression of HIV replication was calculated by using RT values in the coculture fluids at the time of peak virus replication, typically on d 6 postinfection (see Materials and Methods). The level of RT activity in the fluids of untreated infected CD4 ϩ cell control cultures always reached Ͼ200,000 cpm͞ml at peak virus replication. The data are representative of three to eight separate experiments for each condition.
CD4 ϩ cells to induce signal transduction that results in the block of virus transcription. This type of mechanism has been described for thrombin and its receptor (33) . This latter hypothesis seems less likely, because preliminary studies have shown that pretreatment of CD4 ϩ cells for 2 h with CAF-containing fluid does not affect virus replication after subsequent HIV inoculation. The absence of this effect of leupeptin on CNAR͞CAF in about one-third of the cases ( Table 1 ) could indicate that the antiviral factor is already activated in some CD8 ϩ cell fluids and thus does not depend on protease activity.
Previous studies in our laboratory have suggested that CAF is a stable protein of 10-30 kDa that lacks identity to other cytokines (4). It does not directly inactivate HIV but blocks virus transcription (12, 13, 29) . The amount of CAF in CD8 ϩ cell culture fluids is low (e.g., 4 units͞ml in which 1 unit is 50% inhibition of HIV replication), and thus it is difficult to isolate CAF from the serum-or protein-containing media in which CD8 ϩ cells must be grown (4) . The present findings provide a potential method to identify one of the major components involved in CNAR͞CAF activity. Leupeptin can be used as a probe or attached to a solid phase support to serve as an affinity ligand for CAF. The protein could then be labeled or captured with leupeptin (or other protease inhibitors). These studies are in progress. In preliminary experiments, we have linked leupeptin to Sepharose beads and were able to deplete CAF activity in CD8 ϩ cell fluids (unpublished observations). We are currently trying to develop a method of recovering active CAF from the affinity matrix. With current advances in proteomics and mass spectrometry, it is hoped that these findings on the sensitivity of CNAR and CAF activity to leupeptin will make the objective of identifying CAF more feasible.
Some studies have suggested that part of the CAF activity can be associated with the activity of ␤-chemokines (34), IL-16 (35), or defensins (36), but we and others have not found a clinical relevance or correlation between the levels of these cellular products and the presence of CNAR or CAF activity (20-23, 27, 37-39) (unpublished observations). Recently, Geiben-Lynn et al. (40) suggested that CAF modifies antithrombin III (ATIII) in the FCS present in their CD8 ϩ cell culture fluids showing anti-HIV activity. The ATIII purified from these fluids has anti-HIV activity and is reduced in size. Geiben-Lynn et al. (40) suggested a CD8 ϩ cell product with proteolytic or other processing activity could be involved. However, we observe CAF͞ CNAR activity under serum-free culture conditions (unpublished observations), indicating ATIII is not required.
In summary, our results suggest that the anti-HIV activity of CD8 ϩ cells most likely involves, at least in part, a protease that affects a product of CD8 ϩ cells. It is also conceivable that CNAR is mediated by two separate CD8 ϩ cell anti-HIV mechanisms: one involving a protease and its substrate, and another involving an unidentified component not sensitive to protease inhibitors. The ultimate result of the antiviral activity is a block in virus transcription. These possibilities need to be considered as further work is directed at defining this important natural anti-HIV factor. Nonexogenously stimulated antiviral CD8 ϩ effector cells ( ) and infected heterologous CD4 ϩ target cells ( ) were separately cultured in the absence (s) or presence of 20 g͞ml (43 M) leupeptin for 2 d before washing and using in CNAR assays at the indicated CD8 ϩ cell͞CD4 ϩ cell input ratios. The CD4 ϩ cells cultured in the absence of leupeptin (s) served as cell targets for the control cocultures. The extent of suppression of HIV replication was determined by using RT levels in culture fluids at the peak of HIV replication, typically 4 d after the initiation of the coculture. The level of RT activity in the culture fluids of treated and untreated CD4 ϩ target cells at this time point was 732,000 and 688,000 cpm͞ml, respectively. The data are representative of two to three separate studies. (B) Nonexogenously stimulated antiviral CD8 ϩ cells were cultured in the presence of various concentrations of leupeptin (micrograms per milliliter) for 2 d before washing and using in CNAR assays with autologous infected CD4 ϩ T cells at a CD8 ϩ cell͞CD4 ϩ cell input ratio of 0.5:1; 0 (s), 0.2 ( ), 2 ( ), 20 (Ⅺ). The extent of suppression of HIV replication was determined at the indicated days after initiation of the CNAR coculture assays. After 2 d of culturing the infected CD4 ϩ target cells alone (during the CD8 ϩ cell pretreatment period), the level of RT activity in the culture fluid was 5,000. Two and 4 d after initiating the CD4 ϩ ͞CD8 ϩ cocultures, the level of RT activity in the culture fluids of the CD4 ϩ cell control wells was 67,000 and 228,000, respectively. The data are representative of two separate studies.
